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Abstract
Nitride nanocomposite thin films have generated significant attention as a result of their
robust mechanical properties, excellent triobology, and good chemical (corrosion) stability. Due
to their excellent hardness and high wear resistance NbN coatings have found use in a wide variety
of applications such as the coating of cutting tools and to strengthen the surface mechanical
properties of superconducting cavities. The mechanical properties of NbN can be further improved
through mixing with Si3N4, leading to the formation of a nanocomposite structure. NbNSi3N4 nanocomposite coatings have been actively studied due to their high hardness, high elastic
modulus, and high resistance to oxidation.
The present work focus towards the synthesis and characterization of Nb-Si-N
nanocomposite films with variable Nb-N and establish a correlation between mechanical,
chemical, and optical properties. The Nb-Si-N films were deposited by pulsed DC and DC
magnetron sputtering onto silicon substrates. Pulsed DC was used to ensure the stability for
dielectric Si3N4 and remained at a constant power of 150 W concurrent with variable power DC
sputtering (0-150 W) for NbN. The nitrogen (N2) flow rate was selected via hysteresis monitoring
with the co-deposition at 150 W Si and 150 Nb related to maximum nitrogen uptake and seeing
the metallic, transition, and poisoned modes. X-ray diffraction (XRD) studies indicate that all the
films were amorphous. Chemical analyses using X-ray photoelectron spectroscopy (XPS) indicate
a progressive reduction in Si content with increasing Nb. The studies show a strong correlation
with chemical composition to the structural, optical, and mechanical characteristics for the Si-NbN films. The implications of chemical composition in the structure-property relationship of Si-NbN films are presented in detail.
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Chapter 1: Introduction
Nitride nanocomposite thin films have generated significant attention as a result of their
robust mechanical and thermal properties. Among the different transition metal nitride coatings
niobium nitirdie (NbN) has been of increasing interest. NbN based nanocomposites have been
extensively studied due to their uses in a wide variety of tribological applications, such as hard and
wear-resistant coating layer for cutting tools, drills and mills [1-3]. In addition, NbN-based films
have shown hardness higher than the bulk material (H = 14 GPa) and higher than other binary
transition metal nitride films [1]. These nanocomposite coatings have shown that NbN crystallizes
into different phases which include hexagonal  and ’-NbN and cubic -NbN. It has been shown
that the hexagonal phases have shown higher hardness than the cubic phases [1]. The formation of
the hexagonal phase in these composites is due to the higher nitrogen partial pressures and voltage
biases used during deposition [4]. These films have been prepared by different deposition methods
such as magnetron sputtering [2, 3, 5-9], pulsed laser deposition [10-12], and ion beam assisted
deposition [13].
The increase in hardness on NbN films is attributed to the formation of the nanocomposite
or nano-layered structures with the addition of silicon nitride or other elements. The creation of
these ternary systems where Nb-X-N (where X is: Al, Si) has risen in recent years. In particular,
Nb-Si-N nanocomposite coatings have been actively studied due to their high hardness, high
elastic modulus, resistance to oxidation, and superconductivity [14]. The addition of silicon nitride
improves the properties of NbN as it is known for its high temperature stability, low friction
coefficient, and high oxidation resistance. The variation for the hardness for these Nb-Si-N
composite films varies widely (~34-53 GPa) [2, 3, 8] and is attributed to the silicon content in the
films and the hardening mechanisms that come into play. For example, it was demonstrated that
1

films with 3.4 at.% of Si attains a maximum hardness of 53 GPa and the hardness enhancement
was accredited to lattice distortions and crystal defects [2]. Meanwhile, other works documented
in the literature have shown an increment in hardness from 25 to 34 GPa with Si contents of 5 to
13 at. % . These increments in hardness have been explained by the formation of a nanocomposite
structure and there are two hardening mechanisms that are responsible for these studies; the first
consists of the forming a solid solution of Si atoms in a NbN lattice and the second consists of
NbN crystallites embedded in an amorphous silicon nitride matrix [3, 15, 16]. The properties of
the nanocomposite coatings are dependent on the structure and is controlled according to the
deposition parameters.
1.1 MOTIVATION AND RESEARCH OBJECTIVES
The majority of the previous studies explored mechanical and structural properties of NbSi-N with high Nb content and low Si3N4 content (2.7-33%) [1-3, 8, 9, 15, 17, 18]. Similar to NbSi-N, other studies on other ternary systems such as Ti-Si-N have also focused on exploring the
mechanical and structural properties with low Si content (0-27%) [19-22]. These films are also
optically opaque and cannot be used in applications that require optical transparency.
Jedrzejowski, et al. reported the optical properties of Si3N4:TiN thin films with Si3N4 content
approaching 50% [23]. They concluded that, in addition to improving the mechanical properties,
the combination of dielectric Si3N4 and metallic TiN also leads to increased visible light
transmission. This increase for hard nanocomposite thin films could pave the way for mechanically
resilient optical coatings and low-loss photonic materials. The potential applications for TiN, and
mixtures thereof, are not limited to applications requiring robust mechanical and thermal stability.
Due to its unique optical properties, TiN has become a candidate for use in photonics as a
plasmonic material and metamaterial [24]. The higher carrier concentration in transition metal
2

nitrides, when compared to those in transparent conducting oxides (TCO), has also led to their use
as improved plasmonic materials. Additionally, they are useful in the visible and NIR ranges due
to their tunability in that regime [25].
The objective of this work is to understand the structure-phase correlation and the influence
of deposition parameters in the structure, chemistry, mechanical and optical properties of Si-NbN composite system. Specifically, this study seeks to explore the optical properties of Si3N4 rich
Si3N4:NbN thin films using a variant of the Berg Model to select deposition conditions for
systematic variation of NbN in a, transparent, stoichiometric Si3N4 matrix. In addition, this work
explores the effects of NbN content on the optical, chemical, and mechanical properties of
Si3N4:NbN (0-14 at%) films deposited using conditions and methods that are relevant to the optical
coating industry that can be scaled up for large deposition units. These films have created
additional opportunities to explore their unique optical properties such as ophthalmic, low-loss
photonic materials, mechanically robust hard transparent coatings. The project was carried out
with the following research objectives kept in mind:
1. To control of visible and near IR absorption using Si3N4:NbN nanocomposite thin
films.
2. Establish stable, scalable method for controlling NbN content within Si3N4 matrix.
3. Analyze the effects of NbN content on the structural, optical, chemical, and mechanical
properties of Si3N:NbN thin films
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Chapter 2: Background and Literature Review
2.1 HARD NANO-COMPOSITE COATINGS
Transition metal nitride coatings composed of TiN for machining tools has improved the
life time and quality of performance for machining tools [26]. These transition metal nitrides
consist of different properties such as the structure that are responsible for their higher hardness,
wear resistance, chemical inertness, and for some instances even showing superconducting
behavior [27]. The easy oxidation of TiN (~600 °C) induced problems for protective coatings due
to the high operating temperatures that can be reached during operation [28]. This has led to the
exploration to further improve the mechanical behavior of the films and the oxidation resistance.
In recent years there has been a substantial advancement in the development of hard coatings [2931]. These coatings are based on systems that are in combinations of binary, ternary, and even in
some cases quaternary nitride and carbide systems. The addition of a third element has played a
crucial role in improving particular film properties for binary nitride compounds and plays a
crucial role in the enhancement of the properties by modifying the structure and chemical bonding
of the film [32]. The formation of these composite ternary or quaternary nitride films depends on
the deposition parameters such as substrate temperature, reactive gas pressure, and bias voltages
placed on the target. The tailoring of these systems is emphasized to produce coatings that show
better hardness, thermal stability, corrosion stability, low friction coefficients, and resistance to
oxidation. Due to the present work focusing on nanocomposite coatings, an attention will be given
to the specific design rules that have been proposed for such.
With respect to the hardness, nanocomposite coatings can be divided into three categories,
hard (25 < H < 40 GPa), superhard coatings (40 < H < ~80 GPa), and ultrahard coatings (H > 80
GPa). The design concepts for current hard and superhard nanostructured coatings are attributed
4

to different factors, such as the material selection, the fabrication conditions of the coatings which
influence the structure and properties [16]. The focus on the design of these hard coatings has
always consisted of a nanocrystalline transition metal nitride coating (ex: Ti, W, Zr, Cr, Nb, Ta,
etc.) with a combination of an amorphous SiyNx phase of varying content or a soft metal phase
(ex: Cu, Mo, Al, etc.) [33]. From literature, the design of protective coatings has been done by
applying a nanocomposite approach to improve the functional properties of coatings, of which the
main focus is to increase the hardness of the coatings. Four different types of nanostructures were
found in the literature that have resulted in an improvement of the mechanical properties for these
nanocomposites. The first a super lattice film approach where the bilayers are made up of different
phases. The second is composed of a nanocolumnar film where the grains are arranged in a
columnar structure. The third nanostructure is composed of a dense structure composed of
nanocrystalline phase surrounded by a very thin amorphous matrix [31]. The fourth structure is
made of different nanocrystallites which have different orientations made up of the same material.
These different approaches to structures for hard films are all shown on Figure 1.1.

Figure 1.1: Schematic illustration of four nanostructures of the nanocomposite coating with
enhanced hardness: (a) nanosize bilayers, (b) columnar nanostructure, (c)
nanograins surrounded by a tissue phase and (d) mixture of nanograins with
different crystallographic orientation [34].
5

As mentioned, the structure of the material depends on the deposition conditions that are
selected. In the case for the super lattice film (Figure 1.1a) a sequential deposition method can be
employed to create the different layers. For the other cases transition regions have been studied to
observe the changes of the coating structure [34]. These transition regions are shown in Figure 1.2
and consist of:
(a) Transition from crystalline to an amorphous material.
(b) Transition between two crystalline phases of different materials.
(c) Transition between two crystallographic orientations of grains of the same
material.

Figure 1.2: Schematic illustration of three transition regions for ternary compounds: (a)
Transition from crystalline to amorphous phase, (b) transition between grains of the
same material with two different preferred crystallographic orientations of and (c)
transition between crystalline phases of two different materials [34].
The transition from crystalline to an amorphous material occurs when the addition of the
second element B is added to the binary nitride (AN) compound and forms an amorphous B xNy
matrix to form the ternary A-B-N film as shown in Figure 1.2(a). Typically, these types of films
tend to have a columnar structure that are perpendicular to the substrate and constitute of small
grains that are oriented in one direction [34]. The effect of the amorphous BxNy is observed in
Figure 1.3. Depending on the amount of this second amorphous phase contributes significantly as
it attributes to a changes in structure nanocomposite. For low concentrations of the amorphous
BxN y (Figure 1.3a), we have grains that are surrounded by a thin amorphous tissue phase. The
6

further increase of the B element in the nanocomposite (Figure 1.3b) leads to a rise in the distance
between the grains and also decreases the number of grains within the structure that are embedded
by a bigger amount of the amorphous matrix as seen in Figure 1.3c with the gradual addition of
element B, a point is reached where a pure amorphous phase is present. The transition regions
shown in Figure 1.2b and 1.2c depend on the two crystalline phases (Figure 1.2b and 1.2c), exhibit
a dense globular microstructure and are composed of a mixture of small grains of different
crystallographic orientations. The difference between the two comes from the changes in the
structure that come from the addition of B and N elements to the base material.
Having described the structures and transition regions for nanocomposite coatings, hard
nanocomposite coatings consist of two phases and can be divided into two groups with either two
crystalline phases or a crystalline phase and an amorphous phase [19, 30]. The addition of one or
various selected elements has paved the way to the exploration of many systems (nitrides, carbides,
and oxides). The variations of these different systems come from the tailoring of the structures to
produce different nanocomposite coatings that seek to enhance the functional properties.

Figure 1.3: Development of the structure of films as they transition from a crystalline to an
amorphous phase with the addition of element B [32].
2.1.1 Hardening Mechanisms
There are different kinds of hardening mechanisms found in the literature that are attributed to the
hardening of these coatings. The following hardening mechanisms have been attributed to the
enhancement of hardness in nanocomposite coatings.
7

(a) Hall-Petch Hardening: Hall-Petch hardening also known as, grain boundary
hardening, consists of the Hall-Petch relationship:
𝐻 = 𝐻0 + 𝑘𝑑 −1/2

(1)

Where H is the hardness, H0 is the intrinsic hardness, k is a constant, and d accounts for
the grain size. Where the strength of the coating comes from the reduction of the grain
size which promotes the movement of dislocations and come together at the grain
boundaries. This effect has been seen in different ternary nitride coating systems. This
effect is neglected for grain sizes that are too low (d < ~20-50 nm). The literature
explains that after a critical value (dc) is reached for the grain size in where the
maximum hardness is achieved, a region of intragranular processes occurs. In this
region a high amount of defects occurs at the grain boundaries and essentially the
reduction of hardness is attributed to grain boundary sliding and an inverse Hall-Petch
effect takes place [35]. The increase of the gran size and the effect on the hardness is
shown in Figure 1.4

Figure 1.4: Schematic of the dependence of the hardness as a function of grain size in the
material [32].
8

(b) Solid Solution Hardening: Solid solution hardening consists of a solid solution
creating lattice distortions through the addition of solute atoms. The increase in strength
of the material comes from the impediment of dislocation motion through the
interaction of the stress field with the elastic stress field [36].
(c) Age Hardening: Age hardening consists of the generation of coherency stresses
generated from the lattice misfit between iso-sturcutural and non iso-structural phase
constituents across the coherent interfaces [37]. This hardening mechanism can be
accelerated through annealing. This behavior has been observed in ternary systems
such as Ti-Al-N [38] and Zr-Al-N [39].
(d) Ion Bombardment Hardening: Ion bombardment results in increased hardness of
materials by having a high compressive stresses being induced in coatings due to the
energetic bombardment during their deposition [40] [41]. In detail, the energetic
bombardment creates permanent defects within the sample. These defects relate to the
existence of stress in the films that act as an effective barrier for dislocation motion and
thus generate increasing hardness.
2.1.2 Oxidation Resistance and Thermal Stability
As mentioned, these coatings not only show an enhanced hardness but also exhibit other
unique set of functional properties and can be tailored in order to show the desired properties. A
significant focus has been directed to the thermal stability and oxidation resistance. These
properties are vital in order to ensure the lifetime, quality, and efficiency for many applications
such as machining tools and turbine blades that require or reach high temperatures (above 1000
°C) when operating. Hence, the thermal stability is critical in order to maintain the functional
9

properties of the coatings while operating at elevated temperatures. The oxidation is linked with
the effectiveness of the coating as it has been shown to reduce hardness in the coatings [29] and it
can also contribute to the degradation of the thermal stability at higher operating temperatures.
As discussed, the properties of these coatings are heavily influenced by their structure and
composition. A limitation in the temperature that promotes crystal growth in nanocomposite
coatings can be achieved or exceeded. This crystallization that promotes grain growth and phase
transformations influence the structure negatively by destroying the coating nanostructure and
result in changes of the coating properties [34]. An effort to promote phase transformation at higher
temperature has been done with the addition of particular elements for hard coatings [42].
Similarly, the improvement of the oxidation resistance has been refined by the addition of other
elements that act as an oxygen diffusion layer [43]. Another effective way to increase oxidation
resistance has been proposed by Musil et. al. with the exploration of amorphous nanocomposite
coatings [34]. The amorphous nature of the material impedes oxidation of the substrate from the
atmosphere. As shown in Figure 1.5a and 1.5b respectively, with the absence of grains and well
separated grains in an amorphous matrix, there is no direct contact with the atmosphere to the
substrate. These amorphous coatings have created coatings with hardness ranging from ~20 to ~40
GPa and remain stable at temperatures above 1000 °C [44, 45] and their resistance to oxidation is
due to the additional elements that delay phase transformation of the amorphous structure [46].

10

Figure 1.5: Schematic of substrate protection against oxidation from the atmosphere. Three
coatings are compared: (a) a crystalline Coating (b) a coating with an amorphous
structure (c) and a coating with well separated grains in an amorphous matrix [45].

2.3 Design Rules and Considerations
With the hardening techniques mentioned above, there are no definitive method for the
fabrication of hard coatings. A wide modeled that has been adopted has been proposed by Vepřek
et. al. where coatings could be fabricated with an isotropic composition. This is achieved by a
thermodynamically driven and diffusion rate-controlled spinodal phase segregation which happens
during the deposition, leading to a self-organization of the film microstructure [47, Veprek, 2005
#86,]. As mentioned hard coatings could be categorized into two groups, for this particular model
we view the crystalline/amorphous group. The crystalline phase is constructed from a
nanocrystalline transition metal nitride embedded in amorphous matrix phase that consists of either
amorphous Si3N4 or an amorphous soft metal nitride that helps form a dense structure. There are
many accounts to where the proposed model by Vepřek has resulted in the successful fabrication
of different hard coatings. However, whenever there is an insufficient amount of nitrogen the
11

formation of silicides occur, meaning the interfaces are not sharp, which results in a decrease of
hardness provoked by the increase of grain boundary sliding [48].

12

Chapter 3: Experimental Methods
3.1 REACTIVE MAGNETRON SPUTTERING
Si3N4-NbN films were deposited using reactive magnetron co-sputtering. Sputtering is a
physical vapor deposition (PVD) technique that relies on the excitation of a source target material
that is impacted by energetic gaseous ions. These impacts emit particles from the target surface
and they travel in the vacuum chamber until they either collide with a gas particle or until they
strike on a nearby surface such as the substrate material and condenses to form a film. The ion
bombardment in this process is typically done in a plasma environment of high purity Argon (Ar)
created between an anode and cathode. The anode is usually the grounded chamber wall. The target
material is biased negatively and accounts for the cathode. Positively charged gas ions are drawn
to the cathode at high energy which causes the sputtering of the target surface. There is an addition
of a magnetic field near the cathode region which confines the plasma. This magnetic field
influences the trajectory of secondary electrons which then circle around the field lines and keep
them near the target. The localization of electrons on the field lines results in higher ion efficiency
and an increase in plasma density near the target surface. [49] The placement of the magnets in
this particular setup is located around the target, this causes a “racetrack” where the erosion of the
target occurs faster from sputtering. Figure 3.1 represents the principle used in magnetron
sputtering.

13

Figure 3.1: Schematic representation of magnetron sputtering and the role of the magnetic field.

Si3N4-NbN films were deposited using reactive magnetron co-sputtering within a stainlesssteel high-vacuum chamber. The schematic of the chamber is shown in Figure 3.2. To facilitate
deposition, two identical magnetron sources (K.J. Lesker Torus, 50mm) were placed in a confocal,
sputter-down arrangement, 13 cm away from the substrate surface. The respective magnetron
sources were equipped with elemental Si (50 mm, 99.999% purity) and Nb targets (50 mm, 99.95%
purity). The films were deposited onto Si (100) wafers (50 mm, University Wafer LLC) and were
introduced through a load-lock chamber and placed upon an unheated holder set to rotate at 12
rpm to reduce anisotropy and improve composition uniformity during the co-sputtering process.
A base pressure of 1x10-7 Torr, or better, was achieved using a turbomolecular pump prior to
introduction of argon at a flow rate (Q Ar) of 20 sccm through a mass flow controller. The argon
partial pressure (PAr) was held constant at 3 mTorr using a gate valve. After achieving a constant
14

PAr of 3 mTorr, the nitrogen flow rate (QN2) was set to 8 sccm to facilitate nitride formation. To
vary the NbN content within the films, a MDX DC power supply was applied to the Nb cathode
and was varied from 0 to 150 W while an Advanced Energy Pinnacle Plus pulsed-DC power supply
was applied to the Si cathode was maintained at a constant 150 W at a frequency of 100 kHz and
a reverse bias pulse duration of 3 μs. The deposition of the films was performed at room
temperature (25 °C) and for a time period of 15 minutes for each sample.

Figure 3.2: Schematic of magnetron sputter chamber used.

15

Table 3.1: List of samples fabricated.

3.2 X-RAY DIFFRACTION
X-Ray diffraction (XRD) is a non-destructive technique used to analyze the
crystallographic phases of a material. This technique relies on the characteristic wavelength of a
particular monochromatic X-Ray source and the response that is given after the interaction with
the material. The X-Rays are deflected off the sample at equal angles fulfilling Bragg’s law, being:
𝑛 = 2𝑑𝑠𝑖𝑛

(1)

where n is an integer describing the number of wavelengths,  is the wavelength of the incident
radiation, d is the inter-planar spacing between periodic planes of atoms and  is the angle of
diffraction. Satisfying Bragg’s law, the X-rays that are scattered from the sample will become a
diffracted beam. The more X-rays that are deflected by atoms that correspond to the same plane
correlates to a higher intensity in the diffracted beam. This results in a diffraction pattern that can
help you obtain valuable information such as phase identification, sample purity, and unit cell
dimension. However, this technique is limited for thin films as the angle of which it sends X-Rays
16

to the sample surface making it susceptible to substrate interference. To avoid a substrate
diffractogram Grazing Incidence X-Ray Diffraction (GIXRD) was used to have very small angles
of incidence on the sample surface.
XRD measurements on Si-Nb-N films were done using a Bruker D8 Advance X-Ray
Diffractometer. The measurements were done ex-situ at room temperature as a function of Nb
sputtering power. GIXRD patterns were recorded using CuK radiation (λ = 1.54056 Å) at a
voltage of 40 kV. The beam was fixed at grazing incidence 2° from the 2 range of 15-65°. The
scans were made with a step size of 0.02 and a scan speed of 0.5 sec/step.
3.3 X-RAY PHOTOELECTRON SPECTROSCOPY (XPS)
X-ray photoelectron spectroscopy (XPS) analysis was used to measure the composition
and surface chemistry of the elements present in the Si-Nb-N compound thin films. This technique
is based on the photoelectric effect. This effect occurs from the absorption of energy from
electromagnetic radiations such as X-Rays which causes the ejection of electrons from the sample.
The mean free path of electrons is miniscule in solids and for this reason the electrons detected
from this technique originate from only the top layer of the sample surface. Usually the electrons
detected are from 1 to 10 nm from the sample surface, making this technique adequate for surface
specific studies. The technique consists of the irradiation of the surface under high vacuum and is
usually done using monenergistic X-rays such as an Al K or Mg K X-ray source. The emitted
electrons are then analyzed by energy. The kinetic energy Ekinetic of the emitted photoelectrons is
related to the electron binding energy Ebinding using the equation below:
𝐸𝑏𝑖𝑛𝑑𝑖𝑛𝑔 = 𝐸𝑝ℎ𝑜𝑡𝑜𝑛 − 𝐸𝑘𝑖𝑛𝑒𝑡𝑖𝑐 − 

(2)

where Ephoton is the energy of the photons and  the spectrometer work function that is calibrated
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using reference materials. Following the emission of a photoelectron, a relaxation process occurs
which fills in the vacancy made in the core level by an electron coming from an upper level. There
is a gain in energy due to this relaxation process resulting in the emission of a photon or an Auger
electron. This process is shown in Figure 3.4 the detected electrons form a spectrum with their
respective binding energies which correspond to each element as they each have a specific set of
binding energies.

Figure 3.4: (a) The emission of a photoelectron after being hit by a photon and (b) the emission
of an Auger electron due to the relaxation process which are both detected in XPS.
[50]
The XPS survey and high energy resolution scans were obtained using a Physical
Electronics 5700 and scans were done using a monochromatic Al K (1486.6 eV) X-ray source.
The compositional analysis was done by survey scans at an analyzer pass energy of 187.85 eV in
a binding energy range spanning 0-1400 eV, while an analyzer pass energy of 29.35 eV was used
for high energy resolution measurements to examine the chemical valence states of the deposited
species. In order to correct for charging, all spectra were calibrated with respect to the adventitious
carbon 1s transition at a binding energy (BE) of 285 eV. High energy resolution scans were fit
using asymmetric line shapes following Shirley background subtraction, while shake-up peaks
were fit using 70% Gaussian and 30% Lorentzian line shapes. XPS data processing was performed
using the Casa XPS 2.3.16 software package. [51] The doublet peak spacing, peak area ratios, and
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peak full-width half-maxima were all constrained in an effort to increase fit accuracy.
3.4 X-RAY REFLECTIVITY (XRR)
XRR is a non-destructive technique just like XRD. But opposed to XRD, XRR analyzes
the reflection intensity curves. XRR can be used to determine film thickness, density, and surface
roughness. The sample is irradiated by a monochromatic X-Ray source of a certain wavelength
and at a certain grazing incidence. When the electromagnetic waves are incident upon a sample
surface they will reflect off and create a refracted wave and diffused reflections shown in Figure
3.5. The reflected signal is recorded at angle (2) and is dependent on the sample’s different
electron densities. Total reflection occurs on the surface of the sample incident angles below a
critical angle c shown in Figure 3.6.

Figure 3.5: The reflesction and refraction of X-Rays on the sample surface. [52]

Figure 3.6: X-Ray incident beam when the incident angle is less than the critical angle. [52]

The reflected X-rays at the surface and interfaces between the film and substrate give rise
to oscillations caused by these interfaces. These oscillations, named Kiessig fringes, are dependent
upon the angle. The period of oscillation of the fringes is related to the film’s total thickness, the
decrease in intensity or decay is related to the roughness of the film surface, and the critical angle
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 is related to the density of the material. Figure 3.7 shows the parameters that can be derived from
the XRR spectra. [52]

Figure 3.7: Information provided by XRR spectra. [52]
X-ray reflectometry (XRR) measurements were performed on a Rigaku Smartlab X-Ray
diffractometer. Scans were taken at a speed of 0.2° per minute at a step size of 0.01°. The scans
were taken at low angles from 0° to 3°. The experimental data was then fit with GlobalFit
associated with Rigaku Smart-lab diffractomer.
3.5 SPECTROSCOPIC ELLIPSOMETRY
Spectroscopic ellipsometry (SE) measures the change of polarization of light upon the
reflection from the sample surface. This change in polarization state is commonly characterized
by the ellipsometric angles Psi () and Delta () which are related to the optical and structural
properties of the sample. These are defined by:
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=

𝑟𝑝
𝑟𝑠

= 𝑡𝑎𝑛exp(𝑖)

(3)

The ratio of rs and rp, or rho () is the complex Fresnel’s reflection coefficients for light polarized
perpendicular and parallel to the plane of incidence . An assumed optical model is used to extract
film thickness and the optical constants from the measured values of Psi () and Delta (). The
optical model used for Si-Nb-N is described in the results section [53].
The optical properties of Si-Nb-N were measured ex-situ using a J.A. Woollam Variable
Angle Spectroscopic Ellipsometer (VASE). Raw ellipsometry data, comprised of the magnitude
(ψ) and phase difference (Δ) of elliptically polarized light after interaction with the silicon substrate
and film, was measured from 270 to 1800 nm with a step size of 3 nm and at angles of incidence
of 65º, 70º, and 75º, near the Brewster’s angle of silicon. The ellipsometry data analysis was
performed using CompleteEase software package. Raw data was fit using a Kramers-Kronic
consistent model comprising of a combination of Tauc-Lorentz, and Lorentz Oscillators.
3.6 NANO-INDENTATION
Nano-indentation tests were done to find the hardness and Young’s modulus of each
sample which allowed the determination of the mechanical behavior of the Si-Nb-N films. Using
the Oliver and Pharr method, the hardness and elastic modulus (Young’s Modulus) of the films
can be determined from the relation between the load and displacement of an indenter during the
loading and unloading which can be seen in Figure 3.8.
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Figure 3.8: Schematic of load vs indenter displacement. [54]
The first step in the Oliver and Pharr method is to account for the non-rigidity of indenters.
This is done by solving for the reduced modulus (Er) in Equation 4:
1
𝐸𝑟

=

1−𝑣 2
𝐸

+

1−𝑣𝑖 2
𝐸𝑖

(4)

In Equation 4, E and v are the Young’s modulus and Poisson’s Ratio for the sample being measured
while Ei and vi represent the same parameters respectively but account for the indenter. Next is
defining the expression for the reduced modulus (Er) as it relates to the experimentally measured
stiffness (S) of the sample during unloading and, A, the projected area of contact the elastic contact.
This relation is shown in Equation 5:
𝑆=

2
√

𝐸𝑟 √𝐴

(5)

With the experimental initial unloading stiffness and with the assumption that the contact area is
equal to the optically measured area of the hardness impression, the Young’s modulus can be
determined. With the determination of the projected contact area the hardness (H) can be
determined by using Equation 6:
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𝐻=

𝑃𝑚𝑎𝑥
𝐴

(6)

Where P max is the peak indentation load. The indentation tests were performed using a Hystiron TI
750 TriboIndenter using a Berkovich tip with a radius of curvature of 396 nm. Typically, the
indentation depth should be kept below 10% of the film thickness. This indentation depth as
initially attempted at this percentage but was subsequently increased upon material elastic
recovery. A total of 25 indents were performed for each sample at a load of 2500 µN.
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Chapter 4: Results and Discussion
4.1 CRYSTAL STRUCTURE
Grazing incidence X-ray diffraction (GIXRD) patterns for Si-Nb-N films, as a function of
niobium (Nb) power for selected samples 0, 75, and 150 W, are presented in Fig. 4.1. Absence of
diffraction peaks in the GIXRD patterns indicate the formation of amorphous films. During
deposition, no additional thermal or electrical energies where used in the form of substrate heating
or voltage bias. The use of additional energies has been used to promote the crystallization of the
films [1-9, 15, 16]. Looking back at the transition region in Figure 1.2a it can be determined that
this amorphous nature of the films could be attributed to the presence of phase B (Si3N4). This
behavior was further explained in Figure 1.3 with the gradual increase of B. At first grains are
surrounded by an amorphous tissue, then further addition leads to a separation of the grains, until
the addition of the B(Si3N4) forms an amorphous structure. The inference from GIXRD evidences
that the films are rich in silicon and this result is further supported by XPS.

Figure 4.1: XRD spectra for selected Nb (W) levels of 0, 75, and 150 W.
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4.2 CHEMICAL COMPOSITION
X-ray photoelectron spectroscopy data was used to obtain the chemical composition and
chemical state of the elements present in the Si-Nb-N films. The XPS survey spectra of the
composition of the deposited Nb-Si-N films shown in Figure 4.2 indicates that the only detectable
elements on the film surface are silicon, niobium, oxygen and adventitious carbon. The sputtering
with Ar+ ions fully eliminated the C 1s and O 1s peak in the survey scans (not shown) indicating
that the presence of oxygen (22-35%) and adventitious carbon (9-20%) is the result of atmospheric
exposure when transporting the films from the deposition chamber to the analysis chamber. The
spectra were calibrated to the C 1s peak at a binding energy (BE) of 285 eV. The increase of Nb
(W) from 25 to 150 W directly correlates to an increase in Nb content and decrease in Si
concentration. Comparison of the composition measurements (Figure 4.3) to the deposition
currents (Table 4.1) indicates that the resulting current for the niobium source (INb) increases from
0.064 to 0.315 A, resulting in an increase in Nb composition from <4 to 14 at.%. The current
applied to the silicon source (ISi) decreases from 0.39 to 0.37 A, related to a drop in concentration
from 35 to 12 at.%. The increase in INb is the direct result of increasing the Nb power. As the Nb
power increases there is an advent of N gettering events, due to the chemisorption of available N
by Nb over Si. The fraction for both Nb and Si content (Fig. 2) shows a linear behavior as they
increase and decrease respectively. The fraction for both Nb and Si content (Fig. 2) shows a linear
behavior as they increase and decrease respectively.
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Table 4.1: Response of nitrogen partial pressure, voltage, and current, as a function of increasing
Nb source power (W).

Figure 4.2: XPS survey spectra for Nb (W) power levels of 0 and 150 W.
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Figure 4.3: (a) XPS at. % composition obtained from survey spectra (b) Nb Fraction and Si
Fraction for deposited samples
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The chemistry of the resulting Si3N4 and NbN compounds was explored using XPS high
energy resolution scans in order to determine the effects of changes in increasing Nb (W) on the
resulting nitrides formed by the co-sputtering process. High energy resolution scans of the Si 2p,
Nb 3d, as well as associated components obtained via curve-fitting, are shown in Fig. 4.4,
respectively.
Analysis of the Si 2p core level spectra indicate chemical changes as Nb (W) increases the
signal-to-noise decreases as the result of the decrease in Si composition (Figure 4.4a). There is
also a gradual binding energy (BE) shift from 101.75 to 101 eV. These values are consistent from
other reported values for Si3N4 [55]. Figure 4.4b shows high resolution spectra behavior of Nb 3d
core level region. In the analysis of the Nb 3d doublet, increase in Nb (W) show an increased
intensity as a result of the increasing Nb composition. The higher BE doublet was identified as
Nb2O5 (207.4) coming from the surface oxidation due to atmospheric. While the lower BE doublet
was identified as NbN (204.3 eV). [27, 56] The third doublet is attributed to NbNxOy oxynitride
lying in between the bulk NbN and the surface oxide Nb 2O5 [27, 56]. There is a gradual shift in
the N 1s core level spectra from ~397.7 eV to ~396.8 eV. Reported values coincide with that of
silicon nitride around ~397.7 eV for the N 1s high resolution scan in the high Si content samples
[55]. For the higher Nb content samples the values coincide with that of the literature of around
~396.5 eV. The decrease in intensity of the N 1s peak is attributed to the decrease in nitrogen
content seen from the survey spectra and the shift can be attributed to the increase in NbN content
and its lower binding energy (~396.5 eV) than Si3N4 [27].
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Figure 4.4: XPS high energy resolution scans for Nb (W) from 0 to 150 for: (a) Si 2p core level
(b) Nb 3d core level. (c) N 1s core level.
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4.3 FILM THICKNESS AND DENSITY
XRR experimental data can be used to provide the roughness, thickness, and density of the
Si-Nb-N films. The model employed to simulate the XRR spectra contains from bottom, a Si
substrate, a native oxide (SiO2) interface layer, and the Si-Nb-N film forming the top layer shown
in Figure 4.5. The interface roughness for each layer was also considered to accurately fit the
experimental XRR data. The agreement between the experimental data and model curves is shown
in Figure 4.6.

Figure 4.5: Layer model for XRR analysis of Si-Nb-N films.
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Figure 4.6: Layer model for XRR analysis of selected Si-Nb-N films.
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There is an observed positive shift of the critical angle seen from the XRR spectra with
increasing Nb (W) which indicates an increase in the density of the films. Faster decay rates are
observed leading to an increase in roughness of the films up to Nb 75 (W) which indicates the
possibility of slight surface morphology modification with the addition of Nb. Correspondingly,
the period of oscillation changes significantly as well, which could be attributed to the higher
deposition rates with the increase of Nb (W), resulting in increased film thickness. Density,
roughness, and thickness correlation with Nb (W) are shown in Figure 4.7. Measurements obtained
from XRR will also be validated with Spectroscopic Ellipsometry measurements in the next
section.

Figure 4.7: Density, thickness, and roughness value determined from XRR spectra for Si-Nb-N
films.
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4.4 SPECTROSCOPIC ELLIPSOMETRY
The assumed optical model is constructed based on the sample’s structure and was done
by a multilayer model which accounts for each. The best fit between the appropriate optical model
is then chosen and the Levenberg-Marquardt regression algorithm was used to minimize the meansquared error (MSE):
1

𝑀𝑆𝐸 = 2𝑁−𝑀

∑𝑛𝑖=1 [(

𝑒𝑥𝑝. −𝑐𝑎𝑙𝑐.
𝑒𝑥𝑝



𝑖

2

) +(

𝑒𝑥𝑝. −𝑐𝑎𝑙𝑐.
𝑒𝑥𝑝



2

) ]

(5)

𝑖

where exp,calc. and exp,calc. are the experimental values and calculated ellipsometry functions, N is
the number of measured Psi () and Delta () pairs, and M is the number of fitted parameters
within the optical model and  is the standard deviations from the experimental data points. The
obtained raw polarization was fitted using appropriate models to obtain the optical constants n()
and k() of the Si-Nb-N films. In addition, film thickness, roughness, optical bandgap, Eg, were
calculated using defined equations [53, 57].
The model used to fit the raw data is based on a layered structure consisting of four discrete
layers that includes silicon substrate, a 1.5 nm Si native oxide, a general oscillator layer of variable
thickness, and a 50% void fraction Bruggeman effective medium layer to account for the surface
roughness shown in Figure 4.8.

Figure 4.8: Optical model used for SE data analysis
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The data acquired through SE measurements were fitted using a general oscillator model
consisting of a Tauc-Lorentz oscillator for the pure Si3N4. The Tauc-Lorentz oscillator (Eq. (2)) is
commonly used to characterize amorphous, semiconductor materials and its ability to parametrize
the optical band gap, Eg [58] . The rest of the films were fitted using one Tauc-Lorentz and two
Lorentz oscillators (Eq. (3)) to account for different absorption features associated with niobium
nitride [57, 59].
𝜖2 (𝐸) =

𝐴𝐿𝐶(𝐸−𝐸𝑔)𝐴𝑙𝐿 𝐸0 𝐶(𝐸−𝐸𝑔 )2
(𝐸 2 −𝐸02 )2 +𝐶 2 𝐸 2
𝐴𝜆2

ñ(𝜆)2 = 1 + ∑𝑗 𝜆2 −𝜆2+𝑖𝐵𝜆
0

1

∙𝐸

(6)
(7)

For the Tauc-Lorentz oscillator in (Eq. (2)) A and C represent the amplitude and broadening terms
of the oscillator while E, E0, and Eg, are the photon energy, centroid, and optical band gap,
respectively. [58] Since there is more than one Lorentz oscillators (Eq. (3)), the dielectric is
assumed to be equal to the sum of contributions from individual oscillators A, B, and λ 0, represent
the amplitude, broadening, and centroid of the Lorentz oscillator [60]. The great agreement
between raw polarization data,  and , and model calculations obtained for Si-Nb-N films grown
under variable Nb (W) are shown in Figure 4.10. The measured data (solid) and model (dashed)
are in excellent agreement with each other. Notable changes in ψ and Δ, with increasing Nb (W),
are largely the result of interference effects due to the interaction of light reflected from the top
and bottom surfaces of the films. The Levenberg-Marquardt method was used in order to minimize
the mean-squared error (MSE) [53]. Fits with an MSE higher than 5 were rejected. The quality of
the model used is shown by MSE values that range from, 0.84 to 2.267 shown in Table 2. Included
in Table 2 are the thickness, deposition rates, roughness values, and E g values. It can be clearly
noted the large degree of change in the parameters such as higher deposition rates and sequentially
larger thickness values can be attributed to the increased deposition of Nb with changes in the Nb
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(W). In Figure 4.9 it can be seen that thickness values obtained from XRR and SE are in agreement
with respect to one another for Si-Nb-N films.
Table 4.2: Selected parameters, obtained via ellipsometry measurements, as a function of Nb
source power.

Figure 4.9: Film thickness comparison between XRR and SE.
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Figure 4.10: Selected raw ellipsometry data measured at 65°, 70°, and 75°, for Nb (W) fit using
a Tauc-Lorentz and Lorentz oscillator models.
The n() and k() profiles shown in Figure 4.11a and 4.11b, respectively, of Si-Nb-N films
indicate sensitivity to increasing Nb (W) power. With the addition of Nb, there is a gradual
increase in both n() and k() profiles. Analysis of the response for n550, for increasing Nb content,
increases from 2.11 to 2.82. This increase is associated to the larger fraction of Nb, n550 = ~2.80
[7] relative to Si3N4 n550 = 2.05 [61, 62] as the fraction increases from 0 to 0.53. The gradual
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increase for =550 nm is shown in Figure 4.6c. The increase in refractive index also corroborates
to the gradual increase in density in the films as shown in XRR spectra analysis.

Figure 4.11: Nb Power dependence for: (a) spectral refractive index. (b) spectral extinction
coefficient. (c) refractive index for =550 nm. (d) optical bandgap obtained from
Tauc.
Correlating to the increase in n() and k() values and there is also a gradual decrease of
the optical band gap (Eg) of the Si-Nb-N films shown in Figure 4.11d. Similar to n() and k(),
values for Eg for deposited Nb 0 W (2.49 eV) film deviate to that of reported values for Si3N4
(~3.25 eV) [63]. The evident change in the optical bandgap is due to change in electronic structure
of the films with the addition of Nb. The slight deviation from the bulk optical constants and E g is
due the insufficient nitrogen to form a stoichiometric dielectric silicon nitride film. The increase
in the refractive index and extinction coefficient and along with the decrease in E g shows the
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transition of the films from semiconductor to metallic behavior.
The coloration of the films deposited is heavily influenced as the Nb power increases from
25 to 150 W. This is due to the reflectivity of the film being influenced by the optical thickness
which is a product of the refractive index and the film thickness [50]. Ellipsometry results have
shown an increase in the refractive index (n()), as a result we observe a larger optical thickness
for increasing Nb (W). The change in coloration comes from the increasing optical thickness which
causes the observed silver-shifting of film reflectance.

Figure 4.7: Photographs of Si-Nb-N films deposited onto silicon.
4.4 NANO-INDENTATION
By using load control nano-indentation, the stiffness (S) was determined from the slope of
the unloading curve of the load vs. displacement graph and other variables such as the contact area
at the peak load (A) were all known. With the present known and obtained variables, the
mechanical properties of the coatings were calculated using the Olive and Pharr method described
in the experimental section [54]. As mentioned in the experimental section typically the
indentation depth is kept below 10% of the film thickness. The reason why the indentation load
was subsequently increased was because the coating was elastically recovering below 1250 µN.
This coincides with nanocomposite coatings that are known to have a high elastic recovery [64].
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The mechanical data with varying load is shown in Figure 4.8. The load of 2500 µN was then
selected as it was away from the elastic recovery region.

Figure 4.8: Hardness and Young’s modulus with varying indentation load.
The results of nano-indentation for 2500 µN are shown in Figure 4.8 and is presented in
terms of both the hardness and Young’s modulus and penetration depth. The hardness and Young’s
modulus (Figure 4.8a) follow the same trend with one another and both show a decrease with the
increment of Nb. The hardness and Young’s modulus show a decrease of 62.33 to 49.55 GPa and
264.16 and 222.37 GPa respectively. As initially discussed, different studies have shown a wide
variation for Nb-Si-N composites (~34-53 GPa) which depend on the structure formed by the
selected deposition parameters [1]. There is an increase in penetration depth shown in Figure 4.8b
from 23.67 to 28.02 nm with incrementing Nb (W). The coatings in the present work explore a
new approach to the development of hard amorphous nanocomposites coatings [44, 45]. The
reduction of the hardness with increasing Nb can be attributed to different factors. The decrease
can be attributed to the impurities (oxygen) in the film. Natural impurities have been attributed to
the degradation of the mechanical properties of nanocomposite coatings [29]. Another factor for
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consideration is the amount of nitrogen with the increase of Nb (W) as seen from XPS in Figure
4.3a. The abundance of nitrogen causes a failure to form a stoichiometric nanocomposite. This
non-stoichiometric nitride can promote the formation of silicides causing an increase of grain
boundary sliding and therefore a reduction in hardness [48]. The gradual reduction in hardness can
also be attributed to the inverse Hall Petch effect. The grain size is reducing with increasing Nb
content and a high amount of defects occurs at the grain boundaries and grain boundary sliding
and thus a drop in hardness takes place [35].

Figure 4.9: Mechanical properties, (a) hardness and Young’s modulus as well as the (b)
penetration depth, for 2500 nano-indentation tests for varying Nb (W).
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Chapter 5: Summary and Conclusions
Amorphous Si-Nb-N coatings were fabricated using magnetron sputtering with varying Nb
(W). The effect of the chemical composition on the optical and mechanical properties was studied
in detail. The amorphous nature of the films was attributed to the insufficient energies to promote
a crystalline phase formation and the high silicon content in the samples which was confirmed by
XPS analysis. A precise control of Nb content relative to Si3N4 was observed from XPS analysis
with a linear variation from 0-14% NbN as a function of Nb (W). Microstructural information was
successfully derived through XRR and SE. The derived thickness from both XRR and SE are in
agreement and show an increase in thickness and deposition rates. The optical behavior of the
films from spectroscopic ellipsometry indicate large variation in optical constants (2.11 ≤ n550 ≤
2.82 and 0.0 ≤ k550 ≤ 0.92) as a function of Nb content. The increase in the optical constants
correlates with the increase in densities of the films observed from XRR. The control of the
magnitude of interband absorption features was related to Nb content (~2.4 eV, ~500 nm). The
Tauc-Lorentz relation was used to obtain optical band gap (Eg). Eg along with both n() and k()
to the show a transition of the films from a semiconductor to metallic behavior. The change in
coloration of the films was heavily dependent on the optical thickness which relates to the
refractive index and film thickness. The decrease in both hardness and Young’s modulus was
attributed to different factors such as the natural impurities, insufficient nitrogen, and the inverse
Hall Petch effect.
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